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An engineering deaign study program, August 15, 1962 to November 15, 1962, 
has been conducted t o  determine the s u i t a b i l i t y  of using a th in  magnetic f i lm  
plated on a wire substrate  i n  a apacecraft memory s y s t e m  of a p p r o x h t e l y  one 
mil l ion b i t s .  
comrrvlnd and control program data and as a buffer s t o r e  f o r  data f:-om the inetru- 
ments . 

The memory system i s  for the storage of science instruments 

The  study p!,ogram wae conducted under J e t  PA*opulsion Laboratory Contract No. 
950383 and statement of work SW-2893, Revision A .  
ment of the e l e c t r i c a l  parameters and performance of the plated wire memory d e -  
ment, the following design considerations were studied: 

I n  addition t o  the  measurew 

A .  Destructive v8. nondestructive, readout. 

B. Random vs. raequential access. 

C. Data t;ansfer ra tes .  

D. 

1.1 Develouwat Sta tu& 

Combinatiom of magnetic and semiconductor elements. 

Measurements made on a number of plated wire samples showt 

a. 

. 
b. 

C .  

d. 

e. 

f. 

Successful operation o f  adjacent b i t s  of etored information a t  a 
density of 25 b i t s  pe: inch of wire. 
cessful ly  operated a t  a b i t  density o f  50 per inch. 

True nondestructi le readout of the stored information by appli- 
cat ion of a magnetic f ie ld  parallel t o  the wire 
the hard axis of the magnetic t h in  film). 

Some wire samples were BUC- 

*. 

(pa ra l l e l  t o  

Simple write-in of new information requires only 20 milliampereer 
of pulse current  in t h e  wire overlapping the readout f i e ld .  

Wire operation f a  unaffected by temperatures from -5OoC t o  125'C 
by actual test. 

Sens i t iv i ty  t0 mechanical s t r e s s  is  prac t ica l ly  eliminated by con- 
trolling the magnetostriction coeff ic ient .  

The f i r s t  uniformity - reproducibility data taken on samples from 
two days of production show that 30% of fo:.ty I2 inah lengths of 
wire a re  usable, 

1.2 ADD l icat ion Posslb iuti06 

The plated wire memory element seem to  be well sui ted f o r  spacecraft  
a p l i c a t i o n e .  
average imwer operation and require8 l i t t l e  energy storage because of the ~t9r.y 
sho r t  duration of the  d r i v e  elements. 

Although i ts  high speed i t 3  not eesent ia l ,  it permits very low 

. 
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The plated wire memory is bes t  sui ted f o r  vord organized ( l i nea r  s e l e c t )  
operation. 
groups on each s e l e c t  l ine .  
i s  required on each word l i ne  by greatly reducing the number of . word l ines .  

amplifiey or driT.er is gated t o  one of many bit-sense l i nes .  

The non-destruct i -e  operation p e i d t s  the use of xu l t i p l e  length word 
1) 

This o f f s e t s  the f a c t  that a diode or se lec t ion  means 

Only a few sense amplifiers and infoimation dr ivers  a re  needed since each 

This study indicates that using demonstra ed techniques and components 
(not necessarily i n  volume production) a 1/2 x 10 2 b i t  memory operating a t  a 100 
KC a erage s e r i a l  b i t  r a t e  would have the following character is t ics :  

3 a.  Average powe-. consumption a t  maximum b i t  rate of 260 x 10- 
watts and 240 x 10-3 watts during standby. 

b. The s i z e  of the memory stack and one l ave1  of matrix select ion 
c i r cu i t ry  would be 121 cubic inches. The en t i r e  memorg system 
wauld be 210 cubic inches. 

c. The weight of  the en t i re  memory system would 9.8 lbs .  

Gne consequence of the high speed capabi l i t i es  of the memory system is 
t h a t  it is  en t i r e ly  prac t ica l  t o  hade the memory sesve several  fun[-tions siml- 
taneously. 
and the buffe,.ing of accumulated data to the transmitte.. 

A s ingle  buffer can serve both the data output of the instnunents 

1.3 F’uture Developments 
8 

A small, one year engineering development eff0r.t has a very high pro- 
bab i l i t y  of resu l t ing  i n  a f e a s i b i l i t y  model t o  demonstrate the per fo :mnce  set 
f o r t h  i n  the preceding paragraphs. 

e 

I n  ar?dition, the use of smaller wire f o r  the substrate ,  which should be 

The use of integrated c i r c u i t s  i n  the matrix select ion c i r c u i t s  that 
in-restigated, w i l l  permit highe;, b i t  pscking density and lover dri-;e current re- 
quirements. 
a r e  in2orporated inthe memory stack may p e d t  a s ign i f icant  reduction fn the vol- 
ume and weight. 
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The technical data presented i n  this report  is a 'state-of-the-art' report  
about the rapidly developing th in  magnetic f i lm memory element plated on a wire 
substrate .  
wire samples show puzzling resu l t s .  
be s ign i f icant ly  modified as will the  charac te r i s t ics  of the plated wire by addi- 
t i o w l  development. 

Some of the t e s t  techniques a re  not en t i r e ly  sa t i s fac tory  since so- 
Without any doubt, some of the t e s t s  w i l l  

2.1 Operation of the Plated Wire Memory Element 

The element er study is a beryllium-copper wire, 0.005 inches i n  
diameter with a 12,000 T layer of coppe-., and a f ina l  layer. of nlcke:-iron (80% 
2@) approximately 10,000 8 thick. 
i ron,  a circumfe--ential magnetic f ie ld  is generated a-Lound the wire to  establiaah 
an easy axis of magnetization or the anisotropy axis .  The hard axis o f  mgnet i -  
za t ion  is established along the length of the wire (Figure 2.1.1 an? 2.1.2). The 
magnetic anisotropy establishes two stable positions for the magnetization vector.  
The stored infomat ion  i e  read by applying a nagnetic f i e l d  (HT) perpendicular t o  
the  easy axie (See Figure 2.1.1). 
ro ta t ion  of the mgnet izat lon vector f r o m  oppoBite etable s t a t e s .  
of the  in fo rmt ion  along the length o f  the w i < e  i s  determined by the in te rsec t ion  
of  the magnetic wire and a woLd l i n e  passing orthogonally over t h e  magnetic wire. 

During the electrodeposit ion of the nickel- 

Opposite polarity s igna ls  are induced by the 
The locat ion 

When the  s tored i n f o n a t i o n  is  read by applying an axial fielr? caused 
by r-urrent i n  the word  l i n e  (Figure 2.1.1), the magnetization vector is rotated 
everzibly through an angle less than 900. The magnetic wire is coupled only 

t o  the flux change along the  easy a x i s  end the ro ta t ion  of  the magnetization 
vector induces a voltage i n  the v i r e  uhich may be detected a t  the ends of the 
wi-=e. Thus, the magnetic w i r e  also a c t s  as a senae l ine .  Since the ro ta t ion  
is r e v e r d b l e ,  the magnetization vector re turns  t o  i t s  original orientat ion on 
the  easy ax is  when the  ax ia l  f i e l d  i s  removed. 
readout. 

T h i s  r e s u l t s  i n  a non-destructive 

Writing l e  accomplished by applying a emall circumferential magnetic 
f i e l d  (HL) causeci by a current flowing i n  the wire. 
w i th  the t r a i l i n g  edge of the f i e l d  caused by the w l * d  s t r a p  and guides the mag- 
net iza t ion  vector t o  one of its two sttFble s t a t e s  depending upon t h e  circumfer- 
e n t i a l  f i e l d  directions.  

This f i e l d  is coincident 

There a r e  two types of test f ix tu re s  which a re  used to e ~ a l u a t e  the 

The tranevsrse or  read current i s  applied to th l a  solenoid. 
plated wires. 
wound on it. P la t ed  
wires a r e  inser ted i n t o  the hollow rod and connections for the wri te  currents and 
s igna l  outputs are made with pools of mercury. 
imately one inch apart .  
old,  the ud.for&ty can be examined. 
of many uj.rsa. 

The f i rs t  type consists of a hollow g lass  rod w i t i ?  a shor t  eolenoid 

The mercurg contacts ar'e approx- 
l3y csliding diffel-ent sections of the w1i.e i n to  the solere- 

This t e a t  de i c e  permits a rapdl examination 



. 

' J.P*L. 2-2 Nov. 30, 1962 

A second device has been constrwted t o  represent a p a r t i a l  memory 
plane. 
packing densi t ies ,  the e f f ec t  of drive l ine geometry, and also the elTaluation 
of vaA.oue, consti-uction techniques. 
which a re  placed f l ex ib l e  word lines. 
and output signal from the w i r s  are mde by soldering the wire i n  place. 
read current i s  applied through the f l ex ib l e  word i ines  and returns through the 
grooved g ~ o u n d  plane. 
tu rn  through the grooved ground plane. 

Thia device allows the investigetion of peL*formance versus various 
e 

It consists of a g-.ooved g.ound plane over. 
The connections for  the w r i t e  current  

The 

The w r i t s  current and the output from the wire also re- 

To obtain idormatLon relating t o  uniformity, reproducibil i ty,  and 
f e a s i b i l i t y ,  it i s  necessary t o  know how plated wires behave as a function o f  
various paramete--s such as RL, HT, Hc, HK, (See Figure 2.1.2), s ew of  the easy 
axis, dispersion, plating thickness, and geometry of dr ive linas. 
convenient w a y  to examine a l l  of thew parameters i n  d e t a i l  using one type of 
test. 
applying tests which have parametric displays. 

There is no 

f t  is convenient, however, t o  examine s3veml parameters a t  one time by 

Several t e s t s  of t h i s  nature have been dereloped and they ha:re been 
t d to be superior t o  other techniques i n  some respects . .  Information r e l a t ing  i 

t o  s h w ,  relative dispersion, dieturb thresholds, output vs .  HL or  HT a& ual- 
foLmity can be obtained qui te  readily from these parametids tests .  
o f  these t e s t s  as well as r e su l t s  obtained is i n  another par t  of this section. 

A discussion 

In a word oLganized o r  linear s e l e c t  memory, the bit or w r i t e  current,  
11 pass through a plated wiie containing mny b i t s  of i n f o d t i s n .  
ary t h a t  only those bits along the wire that have a transverse or word 
applied coincident with tihe b i t  f i e l d  be altered by the  cornbination of the 

I t  is e 
Ids .  Also, i t  is  necessary that the bits of information 
rent  not ctrncident wfth a word current remain undisturbe 

efore, that some limit o r  tolerance must be placed on I? 
a H,, (Figure 2.1.2), it w i l l  allow every b i t  along the -d be disturbed 
witching w i l l  occur due t o  domain wall m t i o a .  

A reasonable tolerance t o  place on the b i t  current is 
of evaluating the plated wires .since a tolerance closer 

that case where HL mims 2% HL is used t o  wi-ite and HL 
disturb or HL dlsturb/HL write = 3/2. 

A t  present, wiles can be o,pmted with a nominal b i t  

d i n  an cimtal memory using conventional techniques. The case now 

res. For test  purposes, a b i t  current of  16 mi l l i a  
ad a b i t  current  of 24. milliamperes was used for. t3.s 
on of  1 8  disturb pulses, the output vas Iseduced i n  

10%. If a sneak bi 
d occur .coincident dfth the word current,  dieturbltng uill oc . 

See Figure 2.1.3~1 f o r  pulse t e s t  mttsrn. 

sneak current  exceeds some threshold. k typical value fo:. 
ren t  found using the t e s t  setup in Figure 2.1.3b ie 15% of 

s 2 6  of HL on some wires. 

'I' -_ 

, 
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h 

Fairly good uorrelatlon of these tests with operatioral  t e s t s  can be 
reported a t  t h i s  t h e .  
following en improvement i n  the instrumentation and a better. understanding of 
c e r t a i n  phenomena such a8 frequency dependency of some wire paramete:=. 

It is f e l t  that a d i r ec t  correlat ion can be obtained 

Sansples of plated wire6 were subjected t o  temperatureo between -5OoC 
and +125OC while the parametric tests  described abo,e w e r e  being perfoLmd. 
e f f e c t  due to the  temperature could be observed. 

No 

ExpeL-iloen& have been performed simikr to those described by Figures 
2.1.3 and 2.1.4. t h a t  indicate  a packing density as high cis 50 wo=d l ines  per inch 
of b i t  line can be used. A word l ine wid th  of 10 mils and a apace of 10 mils 
between adjacent bits on the 8ame wire is sufficient to keep the interference 
between bit% a t  a p e d a s i b l e  level. 
optimum word l ine width r e l a t ive  t o  mixbun drive current. 
word line ue:.e t o  be increased, the oersteds per ampere would decrease but t he  
demagnetization f i e l d  would alao decrease. 
by the  wire is  the applied f i e l d  diminished bg the demgnetizing field, the 
ef fec t ive  field s t reegth  vs. word line width can be computed. 
follows the rdlationshfp: 

These experiments do not indicate the 
If the v i d t h  of the 

Noting that the e f f e c t  field "seen" 

The applied field 

-I e - ,  ,. 
L- 

c t 
d/i 

where H i a  the f i e l d  pmduced from a single rectangular conductor. 
contr ibut ion of a g:xn.mil plane return i6 found by U s i n g  the above equation. 
computer was wed to solve the equation for various values of a, b and c a& .the 
d a t e  interpolated t o  the specific ,values of i n t e re s t .  To find the optfnolm word 

The f i e l d  
A 
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l i n e  width, the current  necessary t o  produce a 90' ro ta t ion  of the magnetic 
vector fi-oiu I t s  rest poelt ion v88 caloulated a6 a functicrn of word l i n e  width. 
The 900 ro ta t ion  of .the magnetisation vahl chosen elnce the actual  operating word 
dr ive f i e l d  w i l l  alwayia be lesa than W s  amount. 
of ro ta t ion  wa8 s a i d  to occur when the difference of the applied fpe ld  and the 
demgnetidng field equals HK. 

For theee calculations 90° 

Happlied - Hdemg. = HK for 90* ro ta t ion  

A minimum is expected i n  these plots  since the demagnetizing f i e l d  is  inversely 
proportional to the length of b i t  wire that irr witched .  
from the word dr ive line sens i t i v i ty ,  The current  in the word line required to 
produce a given f i e l d  ie d i rec t ly  proportional t o  the drive l ine width.  

Thie value i s  subtracted 

Results indicate  that a 35 m i l  word line gives the lowest value of 
The curves i n  Figure 2.1.9 show output VS. ourrent wo;-d line drive current. 

required for a 900 rotat ion.  The reaul ts  t o  d a b  indicate that a space between 
words of 15 mile is  su f f i c i en t  and a word line width of 35 mila is opt-, 
thereby allowing a p a k i n g  density of 35 mil  word Unes on 50 inil centers or 20 
word lines per inch of b i t  wire for minimum word readout current. 

The test  experience has shown that the presence of a t;-ansve:se d is -  
turbing f i e l d  
densi ty  along the wire. Reduction of t he  wire diameter i e  a s h p l e  mans  to  
reduce the percent of word drive f i e l d  t h a t  reaches the adjacent b i t  storage 

along the wire f9r two spacings o f  p r a l l e l  s t r i p  conductoLs l o - d n g  the  word 
l ine.  Note a l so  that the drive s e n s i t i v i t y  i n  oersted/ampere increases 
e smaller wire diameter  reducing the required word drive current. 

from adjacent bits i s  t he  prfmary l u t i n g  factor  on blt packing; 

Figure 2.1,'ICO ehow the re la t ive  f i e l d  in t ens i ty  a s  a function of distance e 

(a) Beatructive (Coincident Current) Va. ;?on-Destructive Read& 
1 Word Oixani. zed 1 

fiom a s t c i c t  logical design view2ofnt of a select ion matrix, 
it lS obviaue that the wo;d organized scheme w i l l  require mre c i r c u i t s  than the  
ooincident current memory, 9ut when a Large memory is  viewed f.om 211 engineering 
approach, it is noted that the minimum logical  design approach can.iot be real ized 
w i t h  existing techniques. Some techniques that have to be uaed i n  a coincident 
cur ren t  ferri te core memory would be to  s p l i t  the sense and i nh ib i t  l i n e s  which 
means additional. sense amplifiers and inhibit  dr iver  circuits. 
required so that the half select core output does not become as large a s  the core 
output. On a large coincident are memory it Is sometimes necessary t o  dr ive two 
se l ec t ion  l i nes  i n  pa ra l l e l  ra ther  than i n  se r i e s  80 t h a t  the back voltage men 
by the dr iver  i e  not  too high. 
account, it can be noted t h a t  the coincident current approach would require the 
aame, i f  not more, c i r c u i t s  than the word organized approach. 
concluded t h a t  them is no substantial  penalty i n  weight, size or component count 
foi using the word organized scheme. 
of the plated wire. 

Thia i s  normally 

When these prac t ica l  considerations a re  tai<en!tinto 

It is  therefore  

But  now l e t  us mention ~ o m e  of the  advantages 
Power - since the plated wire can be interrogated with a 
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narrow current pulse which effect ively decreases thz average poweL; low power 
~ 3 . s s i p t i o n  i s  realimcl. This i s  shown i n  the sample mmory discussed i n  sect ion 
2.3. Another advantage is, that since i t  i s  a non-destLucti'Je readout, it is  not 
necassa-y t o  re-write the information a f t e l  it has been read out. 
the b i t  o r  i n h i b i t  dr ivers  a re  not required t o  be ene @zed except when w r i t i n g .  
This saves a substant ia l  amount of power since the powel' dissipated during the 
f-estore cycle i s  eliminated i n  the plzted wire (non-destructive) ap?roach. 

This means that 

It was found while investigsting the amount of b i t s  -that should be 
reaI< out i n  parall.el, tht the minimum power. l eve l  w i l l  occur when something be- 
tween f ive  t o  seventeen bits a re  read out i n  parallel. See Figure 2.1.11. Such 
2 coni i t ion  ex is t s  since i n  the b i t  s e r i a l  condition, %he word grouy !>owera becomes 
the prominent facto:. while f o r  the f i f t y  b i t  parallel condition, the power d iss i -  
pa te i  by the yead ampl i f ie ' s  becomes prominent. The increase i n  power for readirg 
out  b i t  serial would c o n t r i h t e  an add.itiona1 0.4 watt o f  poweL' while the f i f t y  
b i t  pa ra l l e l  wml? increase the power by 0.2 watt. 
i n  Sertion 2.3, a pa ra l l e l  read out  of seventeen b i t s  was chosen fo:. i t s  advantage 
of simple select ion and apsrmching the minim1 power l3vel .  
t h i s  calculat ion t h a t  the systern would be operating a t  a word cycle time of 450 
usee. 
it- would be p-effirable t o  use l e s s  amplifiers o r  dis+onnect D.C. ?,owe '. 
CaiclJlstion 1s s tovn  on Fsge 2-1.6. 

In the  sample memory outlined 

It, was msumed f o r  

It becomes obvious tha t  fo!. slower cy,-le times or extended inact ive pe130ds  
ii sample 

) Reac! Rate 

Anethe r portion of  the invest igat ion coveTed the e f fe r  t on powe :. 
f-issiprited when increasing the wo d ra te .  
a 17 pa ra l l e l  b i t  read out system. 
cnn be run a t  four  times the speed with only a s l i g h t  incyease i n  power. 
obviously des imble  since it was indicated foA. missions i n  l a t e r  years the desired 
y-*ograrn word r a t e  would be increased. 
operating a t  these speeds, no additional c i r c u i t s  a.:*e required t o  inn?-ease the 
s:leed by a farator of a t  l e a s t  ten. 
highel. speeds w i i l  increase, of course, but not proportionally since the standby 
nower i s  a major portion of the t o t a l  powe:.. il sarnj21e calf-ul&tien i s  shown on 

?age 2-16. 

This is  shown i n  Figure 2.1.12. for 
This d a t a  indicates t h a t  the system discussed 

T i d s  i s  

Sin-e the plate!' wiL.e element has no trouble 

The power requirr.d t o  operate the memory a t  

id) 'vJor.', Wne Selection 

ti ve:.y straightforward method of select ing one of mny word l i nes  
1s t o  use a simple diode matrix and a number of dr ivers  and switches equai t o  the 
square root  o f  the number of word l i n e s .  
suggested memory systems i n  Sections 2.3 and 2.4 of this report .  

This i s  the se lec t ion  method used i n  the 

4n a l te rna t ive  i s  the switch core matrix of the ty?e shown i n  Fig- 

The primary windings m y  now b e  ?ar t  of a sirnJ1e diode m t  - ix ,  'out a more 
uye 2.1.13. 
diorJ?.  
a t t t a r t i v e  scheme i s  shown i n  Figure 2.1.13. In  t h i s  r i r r u i t  the switch cores 
nrovic'e both functions of ad:? e s s  decoding and word g - o ~ i ~ ~  l i n e  select ion.  
?z--tiPular method. ,ioes not-involve a D.S. r e se t  b i a s  which is the 17-inciple cause 
oZ wasted powe'. i n  other. f o  m s  o f  switched core mat 5 ,es. The 4esigD of  a large 
m t  i x  of t h i s  tyne i s  exacting snd a complete assessm.ent of i t s  ]>el i ts  re la t ive  
t o  t r a n s i s t o r  r1riveL.s and a 6 io-e matrix requires ex?erinental vel-ifi %ation. 

There i s  now a switch c o r e  fo  ' each wo d group l i n e  i n  place of the 

T h i s  
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A second valuable feature  of t h i s  switching core matrix is t ha t  .the var ia t ion  on 
the O U t F d t  uurrent i s  muoh less than some configurations of switch core miricea. 

The simplest possible decoding-drive switch core matrix uses a D.C. bias  
t o  hold all cores a t  a bias  2oint such as -3 unit$ of mmf.  shown i n  Figure 2.1.13. 
Ezch o f  the f l i p  f lop  dr iver  currents i s  independent and the toleran.es  t h a t  can 
be maintained on these currents l imits the maxinntm mtrix size. In  the par t icu lar  
example, the bias current  i s  constrained to be the sum of dr ive currents from two 
of the three address f l i p  f lops.  
zero d. regardless of current tolerances. 
significant posit ion needs t o  have reasonable to le rame control since it provides 
the ac tua l  drive ,rise and r e se t  pulse. 

For a larger matrix, say 256 switch cores, 8 f l i p  f l o p s  are needed and 

Thus, switch core number '7 c a n  never exceed 
The f l i p  f l o p  drivel. ia the leaat 

7 of them do not need close tolerance control  of the drive current so  that the 
advantages of this type of matrix a re  more s ignif icant .  
inates standby power except i n  the low leve l  f l i p  f lops .  
dent read and r e s e t  dr iver  i n  the l ea s t  s ign i f icant  address f l i p  f l o p  means t h a t  
only these drivecs need to have f a s t  r i s e  times. 
a s  slow a8 the cycle time w i l l  permit thus s a v i w  addi t ional  power. 

The gating feature  elim- 
The use of the indepen- 

A l l  of the other. drivers may be 

Although a tranafo mer is generally more r e l i ab le  than a diode, a c o w  
p le t e  evaluation m i s t  consider a l l  of the extra  connections and add.itiona1 c o s h  
involved. 
a more complete analysis  than could be performed a t  t h i s  time. 

The temperature depandenue and undesirable sneak currents a lso require 

2.2 R e oroduc ibi li ts an2 U n i f  o d t y  

Samples of wires plated during the afternoon of each of two days were 

The wires were then examined using the parameter Oests described in Sec- 
col lected and cu t  i n t o  lengths of  approximately tvelve inches. 
taken. 
tion 2.1. 
was worthwhile t o  examine the uniformity of t h i s  g rmp .  

Forty samples were 

Although the m b e r  of samples was f a i r l y  small, it was f e l t  that it 

Each sample was operated under i den t i ca l  con-?itions and the b i t  current ' 
(infolmation ?.rive cur ren t )  necessary to  write SO$ of the saturat ion output was 
recor43ed f o r  the e n t i r e  length of allwires. The mxinnUn and minimum b i t  curreut,  
expressed as a percent deviation from the  average diaive required t o  obtain t h e  
specified output was plotted versus the  pei-cent of  wires having the given devia- 
t ion.  
deviation. 

The r e su l t s  appear i n  Figure 2.2.1. The d i s t r ibu t ion  has a peak a t  4 . 3  

Results of the above t e s t s  were then sxamlned t o  see how many v i r e s  
would be su i tab le  f o r  use i n  an actual memory. 
e n t i r e  length has t o  be usable. 

For a wire to  be acceptable, its 
On t h i s  basis, the yeild was 3%. 

The de f in i t i on  of usable wires depends upon the  6i8turb threshold and 
i t s  relat ionship to  the wri te  threshold. Write threshold for. a wi5 .e  length is the 
m . x i m  b i t  current needed t o  w i - i t e  5f l  of  saturat ion a t  aqy point along the wire. 
The d i s tu rb  threshold is the l ea s t  mount of  reve:.sed b i t  current t h a t  causes * 

stoi-ed info-mation, a t  aw point along the wire, t o  dininish to 9%. a f t e r  Elany 
d i s tu rb  pulses. 
currant  below, and mi- b i t  current clistui-b above threshold one given value 
of b i t  current.  

Ti?el'efo;e, usable wires must a l l  have a maxinnun write threshold 
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Magnetostriction data was also gathei-ed flan these samples of wire. 
The Hi; of the wL.es was measwed w i t h  a 5 kc B-H apparatus. 
were made with and without a t e n s i l e  st ress  applied t o  the wire under test. 
Past  experience with planar fi lms indicate that a f i r s t  orde.. eli.minstion of 
mzgnetostriction is  present i f  HI< does not change when the  wi1.e is s t ressed.  
wires had an Hk of 3.0 2 .3 oel*steds i n  the unstressed condition and an L\Hk/H 
2 t o  7% or a DHk fyom 0.06 to  + 2.loersteds when s t ressed.  
20 grams is  applied t o  the  wire so as not to exceed the e l a s t i c  limit. 

These measurements 
e 

The 
of k A m a x i m  of 

2.3.1 System Des i m  

I n  a Data Automation System for  a spacecrsf t  and i n  par t icular ,  for 
the Mariner spacecraft, an advantaggous system for  generating cammands t o  the 
various instruments would be the use of a randon access, micro-programmed mmorg. 
T h e -  system described in t h i s  report has these features and othe=s. 
fea ture  of the memory  i s  that in-fl ight a l t e r a t ion  of a program or  aqg par t  of a 
pmgram is permissible while another program is being executed. 
agcomplished without adding any c i rcu i t .  A system block design of the memory i s  
shown i n  Figure 2.3.1. In the design of this system, advantage wzs taken of the 
f a c t  that by using the plated wire which has a simple NDRO property and R fast  
switch time, various circuits could be used f o r  more than one function o r  words 
could ~e read out b i t  serial ra ther  than b i t  para l le l .  A good example of t h i s  
would be the shaying of the A and B regis tere  that are  shown in Figure 2.3.1, o r  
the readout of t h e  instructions 
a t  once. 
i s t e r  f o r  temporary storage. 
t ronics  for a reg is te r .  

One Important 

T h i s  has been 

seventeen bit para l l e l  rather than a l l  f i f ty  

T h i s  allows one t o  eliminate the addi t ional  elec- 
Another feature is to uae a portion o f  the plated wire memory as  a reg- 

* 
The basic purpose of  the micro-program approach is t o  generate programs 

For the sample memory we 

and that &esh 128 master 

by select ing various sub-programs in varying sequences. 
have assumed that the ins t ruc t ion  word (telle instrument w h a t  to do) wi l l  be fifty 
b i t s .  
pro$rams a p  It0 be made up by assembling sub-?rograms out of a list of 500 sub- 
programs. Let u s  a l so  assume on the average that theL.e are twenty sub-programs 
per mister program and 20 connnand instructionat per subprogram. To allow for a 
50 b i t  command ins t ruc t ion ,  125 master programs iiad 500 sub-program we require 
a memory of 530,096 b i t s .  The proposed memory has 557,056 bits. 

Refeldng t o  Figure 2.3.2, the memory box is visualized ES Fontahhag 

Let us assume we would l i k e  123 master programs 

three  sections.  The first  sect ion ve w i l l  c a l l  the "Locator Store''. The second 
sectiorr, the 'Master Program Store? and the th i rd ,  the "Sub-Program Store,'. The 
"Locator Store'' consists of the fLst  125 words or  as many words'as the desirable  
number of master programs. 
starting address of a arastar program. 
approximately 128 x 20 or 2560 words, 
one denoting the s t a r t i n g  addi-ess of a sub-prokran. 
s tores  approximately 500 sub-programs (10,000 words). 
long, each one being an instm t ion  f o r  an instrument. 
I t  is possible t o  locate a ' Iks te r  Program" ty the content of a "Locator" and 
then loca te  a "Sub-pi-ogram" by a "Master Program" word. 

These words are 17 b i t s  long, each one denoting the 
The "satei' Program Store" consis ts  of 
These words are also 17 b i t s  long, each 

These words are 51 b i t s  
The "Sub-Program Store" 

With this organization, * 

' I  

I 
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Wi;i-!e the mrnory i s  seniiing cor.x-.:.nG inst;-Li.rations t o  tke imt;uments, 
,- l~irf~i:  the tiw the memoly i s  waiting for- the  next i n s t ?  
ihe C; C & S, it i s  fzee t o  accept ani w aite info .maiio:i i 2 t o  the rncno:-y. 
i t  i s  the micro---ograrming ,;ontro1 that  sequenc2s t-kouzh a s.~.;>-y~-ogram o r  a 
m s t e ?  program, the meDory pro?er i s  n,o2nieteiy raniom access. Xielnce, in-f l ight  
:I. 1 t e  .,-,.tion o f  m y  s w t i o n  of  t . ke  memory is poss ib le .  

t i on  wor i mqu-st from 
While 
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- Power Component "ount ( n o t  i,i staclc) 

Sense Amps 75.5 CIW 306 

'do_-; Selection 13 m '76" 

TC t G i l  (not i n  s t n - l - )  263 mw k22@ 

Size 0 50 rom:)onents/ca i n  = 85 cu i n  

ileight @ S.Ic-if'ic Gravity of 1 . 5  = 4.  5 lbs. 

The c i r w i t s  t h a t  weL.e selected. put a high n r io r i ty  on low oower dissi- 
pation. Since the plated wire element can operate a t  high speeds (49 nsec),  advan- 
t?,Ze was taken o f  t h i s  f ac t .  
cornmtinLj. i n s t n z t i o n  only every 450 usee, i t  becomes obvious that  a system with 
pulsed powel- snould be used. 
i-. vce3. They n1.e the logic gates and the read amp?ifie,.s. The I.ogic uses timans- 
isto--.-transisto<. Logic which requires D.P.  power. This type of pir-1.iit offeA.s 
ext-epe low D.?. :'ewer capabi l i ty  w i t h  compactness a.n$ simplicity.  I t  uses only 
o l ? ~  su:Jply voltace and few qonzynents t o  ;?e!-form a I.o,gical desis.io-q. The read 
m-j-l if ier i s  the other c i r i x i t  tha t  Dresently dissips.tes D.C.  power.. The f i rs t  
t.lirse stages of th.- arnp1ifi.e;. are requii-et! t o  operate Class A du;: t o  the small 
s . igx1  oxtput, f:*ofi the  pla.'ied wire re iat ive t o  the fo .wi>. r i  drop of ?iodes o r  
t : ,ansistors.  

Since the memory would be required to  r.ea1-1 out on 

This system bas only two sect ions whel,e D.C. ?ewer 

Assumigg a. 2acking ?ensity of 50 components .ner mbic inch f o r  4,220 
cc!n:1orents gives a. voliune of 35 cubic in-hes. The vo?ume i s  ca:i.cv1?.te<5 based on 
t!ie us3 of convegtional tyPe conipments ra ther  than intt?grated o r  microelectronic 
c i x l x i t s .  
s i z e  estimate. FJ-Yther, nct  ye t  proven r e l i a b i l i t y  of i n t eg ra t e i  1-ir lu i t s  an2 the 
?iT.esent non-av:ii.'.Zbility o f  Low power intepateci  c i r w i t s  prevent t he i r  use i n  the 
i!me:jiste future .  
gYate4 c i r r u i t s  used i n  the  mmoi-y will m?;e it all t h o  more c o a ~ ~ . c i .  

Tliis is done because it i s  f e i t  t h i s  waul-d n3-ovid.e fot. -. worst case 

If a t  a future  time when these two objections 81-8 removed, inte- 
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2.3.4, M emry S t a  ck D e s a  

\ 

Hovember 30, 1962 

The 557,056 b i t  m8.mory is arranged so  that there vi11 be 1024 
In thi8 
Each 

word group l ines  andJ&uords of 17 bits each on each word group line. 
example, word group lini&are then dlvIdw3 in to  four groups of 256 each, 
such group defines a frame. 
ported on a foamed subskructure) which I s  grooved w i t h  5U channels, 272 channel8 
to a side.  
three frames i n  a manner shown in figure 2.3.4. 
e n t i r e  stack of four fxrms. 
two sides of its respective frame. 
l i n e  a re  matrixed i n  the stack aasembly, with the use of t rans is tors ,  diodes, suzd 
r e s i s to r s .  After makixing, the number of connections to the memory logic aircuitry 
f -om the stack assembly is reduced by a factor of twelve. The mechanical aa8mbly 
of the four frames into the memory stack ls accomplished w i t h  two mgnesium pressure 
plated and silieone sponge rubber spacers between the interconnected frames, and 
between the pressure plate and the t o p  and bottom Prams (See Figure 2.3.4) In thi8 
form, the mmry stack assembly is 121 cubio inches and w3egha 5 lbs. In the stack 
assembly there are 544 transietars, 1088 reslatore and 1024 diodes. In  the accom- 
pa@W logic circuitry, the paclcaging density is 50 components t o  the cubic inch. 
This result8 in 85 cubiu h ~ h e 8  required for the supporting circuitry. 
volume is 206 cubic inahes or 0.12 cubic feet .  

A frame is, essentally,  a metallic ground plane (sup- 

The plated wires rest in these gmovee and then continue t o  the next 
Thus, the plated wires thread the 

and b i t  (p l a t ed  wlre) 
Each word group l ine ,  however, passes over only the 

Each word group l i n e  

The total 

I. 
4. J d a a J L F N  tions 

Ei rcu i t  Reaufremeats far Comaand, & grogram Mema 

High Power 
Inverters Delay PI.ops @lif iera 

Program Control 74 24 u 
Memory Control 8 14. 8 

A Registers and Gates 88 

B Registers and Gates 96 

Write Gates 34 

I ormation Drivers 50 9 e 
350 38 22 
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, 

B. 

11. 

" *  ii 1 -r, xi t s 

Sense !":c::)lifiers - i 7  

S i t  Dl'ivers - 117 
Xord Line %lection Switches - 64 
E i t  m:-. Sense %itt-.ix Gates 32 x :17+ 17 = 

Word. GT.o.J.;J Line Dio.?.es - 1324 
Logic Cirru i t s  

s t o r -  

111. 

IV a 
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ais0 60s gate t.ansisto:s -. 
1216 &te  L.esisto s 

Vi. Yrite-3 -i . e 's 

j i n  stay:< 

3 m x 3v x 34 c i rTui t s  x 1.5 
(efficiency),3 nrw 
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2.4.2 Estlmt ed Power Reaut rement 

The highest  read repe t i t ion  r a t e  a t  which the memory w i l l  operate 
is  30 kaps a t  tape read time. It is, however, f o r  a t  most about 3 seconds i n  
every half hour, The highest average read r a t e  i s  equal t o  the bxlghest wri te  
r a t e .  
hence estimated for 3 conditions; namely, (1) standby, (2 )  average power over 
a Ion? period, an? ( 3 )  short  term power (corresponding t o  80 kcps) .  

T M s  is 8 words/sec x 16 b i t s  o r  12E3 bits/sec. The power requirement i s  

1. Stand’oy power 
. 

w. 

Logic c i r c u i t s  (268 inverters + 27 delay f l o p s  x 2) 
, 

12 HPA x 1.5 m~ 

Sense h p l i f i e i -  4 stages x 3v x 1 ma 
TOTAL 

2 .  Average Power over a iong period 
0.1 U8 Word dr iver  l a  x 12v x x 1.5  (eff ic iency)  4ms I 

Bi tSense  Mat:.ix Gate 17 c k t s  x 3 ma x 3v x u 
0.5 us 4 m s  

B i t  Driver 20 ma x 3v x 

Logic c i r c u i t  - 

Sense h p l i f  i e r  

,+ ms 

3. Short t e i m  power 
0.1 u6 - 
12.5 UB Word Driver la x 12 v x 1.5 x 

1 us 
12.5 us B i t  sense matrix 17 ckts  x 3 ma x 3v x 

Logic cii-cuit  

Sense Amplifier 

TOTAL 

TOTAL 

97.2 mw 

18 mw 

2 m a  
1.27.2 mu 

0.45 ~ L J  

0.04 mu 

0.004 mw 

115.2 IW- 

i 2  mw 
127.7 mw 

u r n  

12.2 m 

115.2 n r ~  

-rmJ. 12 
233.4 mw 

2.4.3 Estimated Size and Weifit 

Basing our e s t i m t e s  on those ohtained f o r  the c0m.n: and program 
memoL*y, the s i z e  and weight of the 3uffet. I4emory should be app;oxim.tely 145 cubic 
inches and 7.3 pounds, respectively.  



It was tiyen foun-l t ha t  the ,?ewer. -0u1d oe ex97essed DY the following 
eq-xtion: 

L 132.3 + t ?  (723) t t 2  (l?,iOO)+ t3  (1333)+17 (A) - - 
T 'i- T 17 

whe-.-e ,-ycles T, ' e  the mmer of TUlSeS ne-zssai-y t o  iiite ,rogate the  rnnino;y t o  read o J t  
f i f t y  h i t s .  
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Word Hard Direction 

Eiard Direct ion 

hgne t i za t ion  Vectar Pasi t ion 
During In te rva l  of Ward Pulse  

Easy Direction 

Plagnetic Wire Magnet i ztit i3n ’Jec t ar  One Rest  Pas i t  i a n  

Easy Direction F ie ld  

?it Current 



B 

Easy Di rec t ion  Hys teres i s  Loop 

a 

!-:ard Direc t ion  Xysteresis Loop 

3 4  CHLYACXRISTICS OF PLAXD Y I R E  

FIGTJXC 2.1.2 
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Figure 2.1.3 a 

J-L -Lr 
Figure 2.1.3 b 
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BIT CURRENT 
FOR ONE 

7 

A 0 C 
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Figure 2.1.4 
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I Scope Scope 

x Y 
i output 

voltage from 
wire 

output 

Voltage 
O-+&+- 

wire 

To intensi ty  modulate 
scope 

Voltage 
O-+&+- 

Figure 2.1.5 

I 

Write Lnvelope of output 
voltage from 1 wire r w + !  - 

(9 
HL 

I I W 

__ 
R 

Y I 

(9 
HL 

Gen. 

I \ -  

R 

B i t  Current (HL-~ 

Figure 2.1.6 

B i t  current 

Slope of l i n e  V-W indicates 
r e l a t ive  dispersion 
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Voltage proportional t o  envelope 
+ - 

HL 

c-- 

pP- B i t  Current (HL) -+ 

0 -  

w 

. 

Output voltage 
from wire 

m 
Word Current ( H T )  

Figure 2.1.7 

Threshold 

To in tens i ty  modulate 'scope 

A I L  

Figure 2.1.8 
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(17/557,056 1 
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128 programs x 20 words / program x 
17 bits/word = 43,520 bits 

500 subprograms x 20 instructions/sub- 
program x 51 bits/instruction = 510,000 bits 

----_uy J 
FIGURE 2.3.2 

a 
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Proposed Programmed Memory Logical Flov C h a r t  

e)set  program interloc 

Program word 

(a) s e t  all FF's in CRB 
(b) Gate information 

write gates  from CR 
(c) UlWIT MEMORY 

address in CRB 
information i n  CRA 

(d)  Clear CRB 
( e )  Gate Sense Amplifl 

(f) Cote CRA in to  Memo 

(g) READ MEMORY 
(h) CRB contains sub- 

program word 

in to  CRB 

address decoders 

L 
r 

I- 

Set Program 
inter lock FF 

t Reset Instruc ( t ion %quest 

i-l c3ear CRA 

'&et a ~ 1  FF'S i n  CI 
1% t e  CRB int mem( 
(c  Ea!e sense anpi 

(d)  READ MEMORY 
' (e)  Programing won ' incRA 

(f) Step CRB 

e B decozers 

i i n t o  CRA 

' . \  ' _  

i(a)Gate CRB in to  memory 
Address decoders 

'(b)Gate sense amplFfier 
into CFU 

(c)Clear CRA 
(d)READ MEMORY 
( e l a t e  out information 

output gates from C 
according to ECC 

r. 

1 

3 
'Y 
f h  

a) Clear CRB 
(b) Reset laat 
. program word 

( c )  Reset Program 
Interlock 

(d) Reset Program 
Rsqueet FF 

: F F  

( 8 )  Stop 

Figure 2.3.3 a 



Write Call a 
Set  W1.ite Re- 
quest FF 

eques t rF'F 

Stop  - 
. 

FIGUFLE 2.3.317 

Proposed Progra-d H e p r y  Logical Flow C h a r t  
(w:ite) 
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* 3 0 CO NCLUSIONS 

1. Thin magnetic films have the necessary mechanical i n t eg r i ty  f o r  spacecraft  
The Curie temperature i s  so high, approximately 6OOOC, that other application. 

considerations will limit the operating temperature range. 
manufactured with zero magnetoetriction coeff ic ient  so that necessary protection 
against  shock and vibrat ion during operation is reduced. 

Wgnetic films are 

2. As shown i n  Section 2.1 of this report ,  a reduction i n  plat ing thickness from 
10,000 2 t o  5,000 
experience indicates t h a t  the switching t i m e  u i l l  also be reduced 80 t h a t  the peak 
voltage of the output signal will not be reduced proportionately t o  the volt-sec- 
onds. I n  addition, p la t ing  on smaller diameter wire w i l l  permit increased b i t  
packing density, lower dr ive  power with no loss of output for a given width of 
word l ine .  
t r ac t ive  approaches fo r  developing a memory element whose properties are optimized 
f o r  spacecraft applications.  

w i l l  reduce the required dr ive  by nearly two-to-one. Past 

These two items, plat ing thickness and wire diameter, o f f e r  very at- 

3. The plated wire memory element has the following advantages that r e l a t e  d i -  
r e c t l y  t o  spacecraft memory systems applications: 

a. Nondestructive readout 

b. Non-volatile, storage 

c. Simple llwrite-inll mode. It l a  possible t o  write new informatipn 
i n to  one o r  many b i t s  on a word l i n e  without dis turbing the re- 
maining b i ta ,  

d.  Very low b i t  current dr ive and modest readout current drive. 

e. Very low drive power because the induced back voltage on the 
readout l i n e  i s  small, and the  dr ive current duration is  very 
short .  

f. The b i t  packing densi ty  is very high, approximately 800 b i t 8  
per square inch of memory plane which is 1/8 inah thick including 
support, c i r c u i t s  and conneotions. 

4. The power associated with driving the word and b i t  currents i n  the memory 
stack is  almost negligible i n  comparison with the power consumed i n  the logic  
and sense amplifiers c i r cu i t s .  
instead of a pulse logic  that usepower only  t o  transmit information. 
of word l i n e  dr ive current i s  rjignificant only i n  t e r m  of the peak current 
capabi l i ty  of the drivers.  

5.  The th in  magnetic film plated wire memorg element cannot be used t o  fulf i l l  
a memory requirement of 108 or 109 
estimate6 of production coet of such a memory are I n  the 5 cents per b i t  range. 
Depending on the exact s i tua t ion  the upper s i z e  limit is probably around lo7 b i t a  
becaurss of the cost  factor .  These cost e s t i ~ t e s  were not make with precision 
and d e t a i l a  have therefore not been inoluded i n  this report. 
improbable that any a l l  electronic,  completely random accessible memory can be 
used i n  a lo8 or  109 b i t  memory i n  the next 3 t o  5 yeara. 

This is true because "D.C. level"  logic  is  used 
Reduotion 

b i t s  i n  the next 3 t o  5 years. Optimistic 

It 8eem highly 

The use of mobanice1 - 
i 

5 
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motion t o  place new information storage media a t  write and read s ta t ions  provides 
a cost  advantage tha t  may never be overcome by any electronic  random acces8 memory. 

e 
. w. 

3.1 Recornendations 

1. Continue the development of the plated wire memory element t o  optimize 
i ts  operating margins. 

2. Develop a smaller diameter wire eubstrate,  perhaps 2 t o  2.5 mile with a 
thinner plat ing of 5000 8 or  lees.  
reduce the dr ive current f o r  possible oompatibility with integrated c i rcu i t s .  

This w i l l  permit higher b i t  packing density and 

3 .  Develop logic  c i r cu i t s ,  regis ters ,  and matrix switches needed for  the  type 
of memory described i n  Section 2. 
zero standby power with adequate noise protection. 
scale  very fast  computer systems the 3 v o l t  logic  s ignals  assumed i n  this report  
are very conservative and it seema possible t o  use a smaller signal voltage. 
Develop a switch core matrix with adequate r ise time i n  i t s  output drive current  
t o  make a def in i t ive  comparison t o  the diode word l i n e  select ion matrix. 

Specifically,  c i r c u i t s  that have a minimum o r  
Based on experience with la rge  

4. Combine items 1, 2, and 3 i n  a 1 year engineering development program 
that w i l l  result i n  a f e a s i b i l i t y  model. 
half mill ion b i t  memory can be operated a t  a 100 KC serial b i t  rate with 260 milli- 
watts. A f'ull s i z e  memory stack should be lxlilt with a portion of  the b i t s  and 
c i r c u i t s  operating t o  demonstrate the s i ze  of 21G cubic inches. and weight of 9.2  
pounds. 
destruct ive readout make it very a t t rac t ive  f o r  fu ture  spacecraft application. 

This model should demonstrate that a one 

The random access, in-fl ight writing, and non-volatile storage and non- 


